Purpose: Understanding language dominance is crucial in pre-surgical evaluation of patients with epilepsy and in patients having a tumour close to the language area. Functional magnetic resonance imaging (fMRI) studies are well established in evaluating language dominance. Functional near-infrared spectroscopy (fNIRS) is a non-invasive optical imaging modality that offers a convenient and affordable technique to image language-related cortical areas. This study investigates the agreement between results from task-based fMRI and fNIRS in determining language lateralisation. Methods: Language laterality indices LIs were calculated from both fMRI and fNIRS measurements of the same individual volunteers by using an identical paradigm. Statistical measures of percentage agreement and kappa value have been calculated for testing agreement and reliability. Results: A correlation analysis of the LI values shows a good correlation with r ¼ 0.677 at p < 0.05. Statistical comparison of both fMRI and fNIRS methods for language lateralisation yielded a percentage agreement of 90% and a moderate kappa value of k ¼ 0.621. Conclusion: Our study suggests that fNIRS is in moderate accordance with fMRI in determining lateralisation of the frontal language areas. It implies that the optical imaging technique can provide additional information on functional lateralisation of frontal language areas.
Introduction
Language processing in humans is an intriguing and important area of research around the world. This neuro-cognitive process involves a distributed frontotemporal network in the brain. 1 Hemispheric dominance for language was usually assessed by means of an invasive procedure called the Wada test. 2, 3 With the advent of various neuroimaging techniques like positron emission tomography (PET), functional magnetic resonance imaging (fMRI), electroencephalography (EEG) and magnetoencephalography (MEG), language lateralisation assessment has become noninvasive. [3] [4] [5] [6] [7] Determination of language dominance is important prior to epilepsy surgery and any other neurosurgery close to the language cortex in order to avoid postoperative language deficits. 8 Functional near-infrared spectroscopy (fNIRS) is a non-invasive functional imaging tool that measures changes in haemodynamics similarly to fMRI. 9 An increase of oxyhaemoglobin (HbO) and decrease of deoxyhaemoglobin (HbR) occurring as a consequence of neuronal activity in the brain is described as neurovascular coupling and is the underlying principle in fMRI blood oxygenation level-dependent (BOLD) signal measurements. 10 Similarly to fMRI, fNIRS can reveal cortical activations in response to motor activity, mental tasks and auditory stimuli. Language-related fNIRS studies have been able to demonstrate the role of this technique as a research tool at the group level, but not at the single-participant level. 11 fNIRS provides a cheaper, simpler and portable solution for language assessment, and it can also be combined with other modalities for achieving better temporal resolution. It can be performed easily in children or in patients who may find settings like fMRI uncomfortable. fNIRS offers definite advantages for expressive language studies as the environment during data acquisition can be absolutely silent enabling detection of activation for overt articulations. 12 Several studies have proven the use of task-based fMRI in language lateralisation. [13] [14] [15] [16] Despite the noninvasive nature of fMRI, the extreme noise induced by the gradients and lying still inside the scanner may diversely affect the task performed by the participant. 17 Studies comparing fMRI with the invasive goldstandard technique of the Wada test has found concordance between the two techniques. 3, 16, 18, 19 The restrictive environment, low temporal resolution and high cost of fMRI may be overcome by the application of fNIRS.
4 Table 1 gives a comparison between the modalities of fNIRS and fMRI in general.
Though there are a few studies that have tried to understand the usefulness of fNIRS in language lateralisation, 20 ,21 a comparison on the agreement of results from fMRI and fNIRS in determining language dominance is lacking. We hypothesised that the results of both studies will have good agreement in assessment of language lateralisation. Hence the aim of our study was to compare the laterality index (LI) obtained with taskbased fMRI and task-based fNIRS and to see whether there is good agreement between the results of the two modalities.
Methods

fMRI data acquisition
The present study prospectively evaluated 13 healthy volunteers (inclusive of nine males and two females) who underwent MRI scanning. The average age of the cohort was 29.18 AE 5.87 years. The participants' scanning was performed on a 1. fNIRS data acquisition fNIRS scan was carried out for 11 individuals out of the 13 who underwent fMRI scan (two participants' data were discarded who failed to meet the data quality threshold). The optical brain signals were obtained using a 20-channel continuous wave (CW) system (NIRSPORT 8 Â 8 by NIRX LLC). The NIRX system is equipped with light-emitting diode illuminators and photo diode detectors. The two wavelengths used in the device were 760 nm and 850 nm. A scan rate of 7.81 Hz was used for the acquisition of optical signals. The signals were acquired using an inferior-frontal gyrus (IFG) montage (Figure 1) , which covers the frontal language areas of both hemispheres. The optodes were placed on the cap marked with the standard 10-20 EEG locations. The use of an international electrode system for EEG in the fNIRS optode placement is popular due to its simplicity. Standard reference locations of the head as in a 10-20 system like Cz were marked for each participant individually based on anatomical measurements obtained during data collection. Montreal Neurological Institute (MNI) coordinates for each corresponding EEG location in the montage were identified. The coordinates were mapped onto a brain template or three-dimensional (3D) model generated from MR structural images.
The fNIRS data acquisition was carried out in a dark room environment. Once the anatomical reference measurements were taken, the NIRx cap was placed on the participant's head. The optode locations on the cap were identified and hair beneath the optode was swept aside for better optical contact to the skull. Once optodes were placed they were fastened in position by another black cap. Calibrating each optode for sensitivity helps to know the channel performance and could be reconfigured under necessary conditions.
Visual verb-generation paradigm
A verb-generation paradigm was used to study the language functions. The paradigm employs a block design which has alternating rest and task blocks during each cycle. The stimuli were presented in five cycles of rest and task blocks. The duration of each block was 20 seconds. Participants were instructed to think of the verb associated with the picture displayed on the screen during the task trial. During the rest cycle following the task, a 'plus' symbol is shown to the participants. The paradigm has been reported to show good activation in Broca's area. 22 fMRI processing
The task fMRI was processed using SPM (SPM8, http://www.fil.ion.ucl.ac.uk/spm). The images were realigned, slice time corrected and normalised. The normalised images were smoothed using a Gaussian kernel of full width half maximum (FWHM) 8 mm. A general linear model (GLM) design matrix was defined with canonical haemodynamic response function (HRF) as basis function and was estimated for obtaining beta values. Further, we performed family-wise error correction for individual participants (p < 0.05). Finally, an LI was calculated using the LI tool box implemented in SPM8. Six regions of interests (ROIs) from both left and right hemispheres of Broca's areas such as Brodmann area 47, 45 and 44 (pars orbitalis, pars triangularis and pars opercularis) were defined for deriving the LI. Corresponding spherical masks using MNI coordinates were created using MarsBaR software (http://marsbar.sourceforge.net/). The LI ranges from À1 to þ1. Positive LI indicates that the person is left lateralised and negative LI indicates that the person is right lateralised. The equation for LI is as follows:
where P Li is the number of voxels activated at a particular threshold on the left hemisphere and P Ri, that of the right hemisphere.
fNIRS data processing
The obtained signal from fNIRS is a combination of signal due to the task and other noises. Initially we processed the signal to separate the brain activity due to the task from the noise. The raw data were checked for good and bad channels based on the gain and coefficient of variation (CV). This is implemented using NirsLab software (NIRX LLC). CVs of all the channels for each participant were measured. This gives an account of the data quality. CV is the ratio of standard deviation to the mean of the raw data values expressed as a percentage. Two individuals were removed from further analysis for failing to meet the data quality fixed by gain setting and CV percentage. The data preprocessing steps include removal of experimentally irrelevant time intervals and artefacts from data. We applied band-pass frequency filters to exclude experimentally irrelevant frequency bands. Optimal baseline data were kept before first stimulus and after the final stimulus. The data were then checked for spike artefacts. A band pass filter with cut-off frequencies of 0.01 Hz and 0.2 Hz was used to retain the desired frequency bands for further processing. Haemodynamic states of HbO, HbR and total haemoglobin (HbT) as their sum were calculated using the modified BeerLambert Law as explained elsewhere.
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Data analysis
The computed haemodynamic states were block averaged for each channel and each condition. The length of the block was adjusted according to the length of the block in the stimuli. Though both haemodynamic states of HbO and HbR were calculated, further data analysis was performed for HbO signals as the signal-to-noise ratio proved to be higher for the HbO than the HbR concentration changes. 29, 30 HbO concentration changes from À5 seconds before stimulus onset to 30 seconds after stimulus onset were averaged across artefact-free trials for each stimulus condition for each participant. GLM of the fNIRS hemodynamic signals was performed to evaluate the condition-specific responses to the stimuli using the statistical parameter mapping. As the haemodynamic response is not perfectly in sync with neuronal activity, to accommodate the delay we used canonical HRF as the basis function for fitting the model. Since the stimulus was presented in blocks of active and rest phases, a boxcar function was used to model the conditions. GLM parameter estimation was performed and t-statistic was computed to find out whether visual verb stimuli presentation has a larger effect when compared to the experimental condition of rest. These channel activations are used for calculating the LI.
Calculation of LI is well established in various imaging techniques like fMRI. In order to evaluate hemispheric dominance using fNIRS, a few attempts have been reported. 20, 31 Chaudhary et al. calculated LI using frequency domain NIRS from the HbT concentration. 31 But for a CW NIRS system, the signals are relative concentration changes of HbO and HbR. This requires a modified strategy of using maximum concentration changes of HbO or HbR for the LI calculation. 
Statistical analysis
Statistical analysis was performed using Microsoft Excel software and MedCalc Software 2016 trial version. Correlation analysis was conducted to study the closeness of the relationship between the variable LI obtained from both techniques. To establish the agreement between the LI values obtained from fNIRS and fMRI, we used percentage agreement (PA) and kappa statistic (k). PA and k represent the agreement between two sets of observations yielded from fNIRS and fMRI. PA is a fairly simple measure of identifying agreement between two methods. k can be used to assess the agreement between alternative methods of categorical assessment when new techniques are under study. k is generally accepted to be a more robust measure than simple percentage agreement calculation, since k takes into account the possibility of the agreement occurring by chance. k interpretation has been discussed in literature.
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Results
The important role of functional imaging studies is to determine the areas getting activated in response to the stimuli. Here the task involved is a visual verb-generation task and the targeted area of investigation is the frontal language areas. In order to understand the possibility of using fNIRS for detecting frontal language areas, a GLM analysis of the data was conducted to ensure the activation from different channels corresponding to language areas. Both Broca's (frontal) and Wernicke's (temporal) area activation were yielded in the fMRI study. For the fNIRS study, frontal area activations were obtained. NIRS_SPM was used for registering the data onto 3D brain models. Figure 2 shows a rendered map of activations in response to the stimuli in both fMRI and fNIRS on a brain model. The block average taken for the duration of tasks provided a good account of the haemodynamic response (HDR) for the stimuli. Figure 3 shows the increase in the HbO after the onset of the stimulation task. From the fMRI data of each individual, specific language regions of Broca's area such as Brodmann area 47, 45 and 44 (pars orbitalis, pars triangularis and pars opercularis) of both hemispheres were identified for LI calculation. LI calculated for each individual from the fMRI and fNIRS techniques is presented in Table 2 . In the studied group Participant 7 was identified as right hemisphere dominant as determined by fMRI and the final classification based on fNIRS correctly identified that individual.
A Pearson correlation analysis yielded an r value of 0.677 at p < 0.05. Figure 4 shows the correlation between the LI obtained from fMRI and fNIRS. The agreement between the techniques for determining LI was assessed qualitatively (PA) and semi-quantitatively (Kappa statistic). The inter-method comparison for LI calculated from the fMRI and fNIRS yielded a PA of 0.9 and a k ¼ 0.621.
Discussion
In the present study we have compared the fNIRS results with the language LI obtained from fMRI in similar individuals by conducting the visual verb paradigm. Ota et al. have tested whether fMRI, MEG and fNIRS can be used as an alternative to the Wada test for language lateralisation. 35 Among the techniques evaluating laterality, fNIRS was not as sensitive as the others, but fNIRS was shown to be very effective in identifying right hemisphere dominance.
The study indicates that fNIRS may be considered as a complementary modality in addition to fMRI or MEG for presurgical language lateralisation. Ota et al. have used a reading-sentence paradigm to examine the fMRI and MEG and a word-generation paradigm to examine fNIRS. 35 The language regions examined for each technique were also different. In the present study, we have examined both fNIRS and fMRI using a visual-verb paradigm and similar regions were taken as the ROI for both techniques including specific areas of Broca's area such as Brodmann area 47, 45 and 44 (pars orbitalis, pars triangularis and pars opercularis).
Kennen et al. also assessed language laterality measures between fMRI and fNIRS in controls. They examined the lateralisation of prefrontal areas using near-infrared optical topography (OT) in six healthy controls, showing that the mean LI obtained from OT and fMRI were in good agreement. The OT and fMRI was calculated from similar participants completing a similar task. 36 With respect to that study, the present analysis included more healthy controls.
A previous study conducted in three healthy controls, two epileptic adults and three epileptic children aimed at examining whether NIRS can be used as an alternative to the intracarotid amobarbital test (IAT) or fMRI for presurgical language lateralisation. Their findings matched with the laterality obtained using IAT and fMRI findings. But they failed to draw a conclusion since there were individual differences in the activation pattern observed in the epileptic patients. 30 The present study focussed on a uniform population of healthy controls younger than 30 years.
A study group performed a comparison between NIRS and fMRI in temporal and spatial domains. The spatial comparison between NIRS and fMRI found that the NIRS signal was powerfully correlated with the fMRI signal along an elliptical path. In addition they found that scalp brain distance is an important factor that strengthens the correlation among fMRI and NIRS. They examined multiple locations with a battery of cognitive tasks and observed that NIRS-fMRI correlation was not dependent on the cognitive task. 4 The Wada test was the commonly used technique for determination of language dominance until the emergence of fMRI. 25 fMRI holds the advantage of being non-invasive and cost effective compared to the Wada test. There are, however, studies which have shown differences in results obtained on 3 Tesla and 1.5 Tesla magnets. 37 Though fMRI is largely used as an alternative to the Wada test, it requires minimal movement of head and data acquisition that can be cumbersome for some patients. The fNIRS proves beneficial on the patient side as it allows overt articulation without movement restrictions and the data acquisition can be achieved by allowing the individual to sit comfortably in a chair or even at the bedside. 38 On the technical side, fNIRS offers a better temporal resolution on account of a higher sampling rate when compared to fMRI.
Our study aimed to establish the reliability of fNIRS measurement in identifying hemispheric dominance of language by finding out the agreement with fMRI results. A one-to-one comparison of fNIRS with fMRI measurements was performed for each participant. Careful analysis of Table 2 reveals that there was only one individual (Participant 7) who was incorrectly classified as right hemisphere dominant.
Evaluating more left-handed people can potentially emphasise the advantage of fNIRS in capturing atypical language lateralisation in healthy individuals.
The magnitude of lateralisation observed in the fNIRS data is an order of magnitude smaller than the fMRI one. The variance of data from both hemispheres was compared to study this difference of magnitudes. The fNIRS data seem to vary less when compared to fMRI and translated to the magnitude difference in LI values. Figure 5 shows the average time series from the voxels in the ROIs of frontal language areas of both hemispheres from fMRI used for LI calculation and the average T value from each channel on both hemispheres from fNIRS.
The fMRI technique of calculating LI has been well studied, and these values could be used in the presurgical evaluation of language for several neurological diseases. 13, 38 The fNIRS data quality suffers from patient-specific variability. CVs of all the channels were measured for each participant in our study. This gives an account of the data quality. Kennan et al. showed that fNIRS could be used in healthy adults to assess activity lateralisation in the prefrontal area during semantic and syntactic decision tasks. They validated the analysis by correlating their results with the fMRI technique. 36 Watanabe et al. demonstrated for the first time the activation of Broca's area during language processing using fNIRS. 21 As has been shown in this study, statistical parametric mapping of fNIRS data yielded language-related activity. The activation presented by fNIRS was on par with fMRI activation. The capacity of non-invasive optical systems to map cognitive responses in an open environment may allow the development of more complex task designs. In the present study we focussed only on the frontal language areas. The available number of sources and detectors in the fNIRS system could cover the frontal language regions only. More optodes sufficient to cover both frontal and temporal language areas simultaneously could improve the validation statistics of the study in future. Further, a better spatial registration of optodes can be obtained by using a 3D digitiser to measure the exact locations of the optodes for each patient. 39 More recent studies from Smitha et al. and Silva and Citterio have been investigating functional and structural connectivity facets of resting-fMRI data to learn more about the language network. They have also tried to assess the relationship of resting fMRI data with hemispheric asymmetries. [40] [41] [42] A similar study with resting-fNIRS data may be possible in future with optodes covering whole brain areas.
The results of this feasibility study are indicative of the usefulness of fNIRS in mapping language areas. But future studies involving larger patient groups and quantitative statistical validations like sensitivity and specificity are essential to establish the ability of fNIRS in mapping language areas. The results of such studies will inform whether fNIRS can be used for pre-surgical planning in patients with brain tumours and epilepsy.
Conclusion
The question asked was whether fNIRS has the potential to be an alternative to fMRI for language lateralisation. Our study suggests that fNIRS is in moderate accordance with fMRI in determining lateralisation of the frontal language areas. It implies that the optical imaging technique can provide additional information on functional lateralisation of frontal language areas.
